Immune surveillance depends on lymphocyte access to tissue. Lymphocytes emigrate from blood when adhesion receptors such as L-selectin and the ␣ 4 ␤ 7 integrin on these cells bind to ligands expressed on venular endothelium. Among transgenic mouse lines expressing an oncoprotein (Tag) in islet ␤ cells, some recognize Tag as nonself. In these mice, Tag expression elicits both ␤ cell hyperplasia with subsequent progression to tumors and lymphocytic infiltration. Endothelial ligands for L-selectin and ␣ 4 ␤ 7 were upregulated in infiltrated islets in these transgenic mice. These ligands were not expressed in tumors, which were devoid of lymphocytic infiltration. In contrast, the adhesion molecules PECAM-1, ICAM-1, and VCAM-1 were expressed on endothelium in both noninfiltrated tumors and infiltrated islets. 
Introduction
Lymphocytes continually move from blood to secondary lymphoid organs such as lymph nodes and Peyer's patch, and back to blood. Lymphocytes exit the blood at specialized high endothelial postcapillary venules (HEV) 1 in these tissues (1) . At sites of chronic inflammation, HEV-like vessels are often induced and allow large numbers of lymphocytes to emigrate from blood and accumulate in extralymphoid tissues (2, 3) .
Lymphocyte extravasation involves a series of regulated, adhesive interactions between receptors on the blood-borne lymphocyte and ligands on HEV in lymphoid tissues. The first of these interactions causes the lymphocyte to roll along the vessel wall (4) . Within seconds, the rolling lymphocyte becomes firmly adherent, and the lymphocyte transmigrates from the blood vessel to tissue.
Endothelial adhesion molecules and lymphocyte receptors involved in each of the steps of lymphocyte extravasation to lymphoid tissues are listed in Table I . L-Selectin ligands and mucosal addressin cell adhesion molecule-1 (MAdCAM-1) mediate rolling (5) (6) (7) and are recognized by the lymphocyte receptors L-selectin (peripheral lymph node homing receptor, gp90 MEL , LECAM-1, LAM-1, CD62L) and ␣ 4 ␤ 7 (Peyer's patch homing receptor, ␣ 4 ␤ P , LPAM-1), respectively. The L-selectin ligands and MAdCAM-1 were originally identified as endothelial molecules which permit lymphocyte homing to particular lymphoid organs, and were thus termed "vascular addressins" (8, 9) . MAdCAM-1 is an unusual cell-surface, transmembrane protein with both immunoglobulin superfamily and mucin-like domains (10). Normally, this protein's expression is restricted to Peyer's patch HEV, mesenteric lymph node HEV, lamina propria of the gut, and lactating mammary gland. MAdCAM-1 expression is also constitutively present on occasional blood vessels in the exocrine tissue of the pancreas (8, 11) .
The lymphocyte receptor L-selectin is a protein with homology to C-type lectins (12, 13) and functions through calcium-dependent recognition of specific carbohydrate structures on a discrete set of endothelial glycoprotein ligands (14) (15) (16) . In particular, L-selectin recognizes sulfate, sialic acid, and fucose, which may be presented in capping groups as sialyl Lewis x containing galactose-6-sulfate or N -acetyl glucosamine-6-sulfate (15, (17) (18) (19) (20) . Several endothelial ligands for L-selectin have been identified on lymph node HEV, including the mucin-like proteins GlyCAM-1 and CD34 (21, 22 ), Sgp200 (a sulfated glycoprotein of 200 kD [23] ), and a subset of MAd-CAM-1 molecules (5) . In addition to lymph node HEV, Gly-CAM-1 is normally expressed by mammary gland epithelial cells (21, 24) , and CD34 is widely expressed on vascular endothelium and hematopoietic stem cells (25, 26) . However, the GlyCAM-1 and CD34 molecules in lymph node HEV are selectively modified with the carbohydrate structure recognized by L-selectin. While MAdCAM-1 serves as a ligand for ␣ 4 ␤ 7 , a subset of the MAdCAM-1 molecules synthesized in mesenteric lymph nodes also binds L-selectin (5) , and, presumably, this subset also carries the appropriate carbohydrate modification on the protein's mucin-like domain. In mesenteric lymph nodes, L-selectin ligands and MAdCAM-1 are both expressed on HEV, thus both L-selectin-and ␣ 4 ␤ 7 -bearing lymphocytes can enter this tissue from blood (9, 27) . The core protein of Sgp200 has not yet been identified.
Two mAb have been used extensively to identify L-selectin ligands and MAdCAM-1. The MECA 79 mAb stains lymph node HEV selectively and blocks L-selectin binding (9) through recognition of a critical portion of the carbohydrate structure seen by L-selectin (23). The group of glycoproteins recognized by MECA 79 has been collectively termed peripheral lymph node addressin (PNAd) (9) . In lymph node lysates, MECA 79 recognizes the L-selectin ligands GlyCAM-1, CD34, Sgp200, a subset of MAdCAM-1 molecules, and possibly additional species (5, 16, 23) . In this report, the term PNAd is used to refer to those molecules bearing the MECA 79 epitope, while L-selectin ligand is reserved for molecules known to be recognized by L-selectin. In contrast to MECA 79, the MECA 367 mAb stains mucosal and mesenteric lymph node HEV selectively and blocks ␣ 4 ␤ 7 -mediated binding (6, 8, 10) . The target of MECA 367 is a protein-based epitope on MAdCAM-1 (10). PNAd and MAdCAM-1, as defined by MECA 79 and MECA 367 reactivity, respectively, are induced on endothelium at a number of sites of chronic inflammation (11, (28) (29) (30) (31) (32) (33) . L-Selectin and ␣ 4 ␤ 7 have been shown to play a role in lymphocyte recruitment to some of these sites (11, 34) . For example, both PNAd and MAdCAM-1 are expressed at high levels on HEV-like vessels induced in pancreatic islets during autoimmune inflammation in nonobese diabetic (NOD) mice (11, 30) . The counterpart homing receptors L-selectin and ␣ 4 ␤ 7 are functionally important, because in vivo administration of anti-L-selectin or anti-␣ 4 antibodies reduces islet infiltration and the incidence of diabetes (34) . Notably, the L-selectin ligands expressed at these inflammatory sites have not heretofore been defined at the biochemical level, although GlyCAM-1 expression was identified recently by immunohistochemical techniques in infiltrated islets in NOD mice (25) .
Distinct from L-selectin ligands and MAdCAM-1 are the endothelial adhesion molecules ICAM-1 and VCAM-1, which are recognized by the leukocyte integrins ␣ L ␤ 2 (LFA-1, CD11/CD18) and ␣ 4 ␤ 1 (VLA-4), respectively. ICAM-1 is involved in firm adhesion (35) , whereas VCAM-1 may participate in rolling as well as firm adhesion (36) . Another endothelial adhesion molecule, PECAM-1 (CD31), is important in transmigration of neutrophils and monocytes and may play a similar role in lymphocyte transmigration (37) . Unlike L-selectin ligands and MAdCAM-1, the adhesion molecules ICAM-1, VCAM-1, and PECAM-1 are each widely expressed on vascular endothelium (for reviews see references [38] [39] [40] .
To study the potential role of vascular addressins in an autoimmune inflammatory response and tumorigenesis, we examined pancreatic islets in transgenic mice expressing the oncoprotein Tag (simian virus 40 large T antigen) under control of the rat insulin gene regulatory region (RIP, RIP-Tag mice). In these mice, Tag expression in the insulin-producing ␤ cells of the pancreatic islets results in hyperplasia of the islets, followed by development of solid tumors (insulinomas) and finally, premature death (41) . Tag is recognized as a self protein in tolerant lines typified by RIP1-Tag2 (41, 42) , which begin to express the protein during embryonic development (43) . In nontolerant lines such as RIP1-Tag3 (42, 44) and RIP1-Tag5 (Jolicoeur, C., K. Smith, J. Skowronski, and D. Hanahan, unpublished observations), the onset of Tag expression is delayed until 10-12 wk of age, probably due to differences in the site of integration of the transgene (45) . There is a failure of self-tolerance, and these animals recognize Tag as a nonself protein. A consequence of nonself recognition of Tag is an intense infiltration of the hyperplastic islets, consisting of CD4 ϩ and CD8 ϩ T cells, B cells, and macrophages (44) . Similar numbers of macrophages, but only rare lymphocytes, are detected in islets of RIP1-Tag2 mice, suggesting that Tag-reactive lymphocytes are required for inflammation (Jolicoeur, C., and D. Hanahan, unpublished observations). The appearance of autoantibodies against Tag and the identification of anti-Tag cytotoxic and helper T cells within islets of nontolerant animals suggest that, as in diabetes, ␤ cells are being attacked (42, 46) .
Of interest, RIP-Tag mice do not develop diabetes. Instead, both tolerant and nontolerant RIP-Tag mice succumb to ␤ cell tumors, which develop from hyperplastic islets as a consequence of Tag expression (41) . In striking contrast to the infiltrated hyperplastic islets, tumors which develop in nontolerant transgenic mice are essentially devoid of lymphocytes, although they continue to express Tag and are highly vascularized.
In this report, we show that the inflammatory response to Tag is correlated with induction of PNAd, MAdCAM-1, and VCAM-1 expression on blood vessel endothelium in islets. Further, we demonstrate directly that endothelial ligands for L-selectin are induced on vessels in infiltrated islets and identify one of these ligands as GlyCAM-1. Finally, no PNAd or MAdCAM-1 expression could be detected within the ␤ cell tumors, though vessels within tumors expressed readily detectable levels of PECAM-1, ICAM-1, and VCAM-1. The failure to express vascular addressins on tumor vessels may contribute to the exclusion of lymphocytes and may result in evasion of immune-mediated tumor destruction.
Methods
Mice. The construction of the RIP1-Tag hybrid gene and generation of the RIP1-Tag2 transgenic lineage have been described (41) . The RIP1-Tag5 line was produced in the C3Heb/FeJ (C3H) background. The phenotype of RIP1-Tag5 mice (Jolicoeur, C., and D. Hanahan, unpublished observations) is virtually identical to that reported for the RIP1-Tag3 line (41, 42, 44) . The RIP1-Tag2 line used here was generated in the B6D2F1 background and backcrossed to C3Heb/FeJ mice for at least 12 generations. RIP1-Tag5, RIP1-Tag2, and nontransgenic C3H mice were maintained in a barrier facility and fed a normal diet.
Reagents. Anti-mouse VCAM-1 (rat IgG2a) and anti-mouse PECAM-1 (rat IgG2a) mAb were purchased from Pharmingen (San Diego, CA). Anti-mouse ICAM-1 (rat IgG2a) mAb was purchased from Caltag Laboratories (San Francisco, CA). Purified MECA 79 (rat IgM) and MECA 367 (rat IgG2a) mAb (8, 9) were kindly provided by E. C. Butcher (Stanford University, Stanford, CA). An IgM antibody against an irrelevant antigen (Pharmingen) was used as a class-matched control antibody for MECA 79 immunoprecipitations. Anti-CD4 (rat IgG2b) and anti-B220 (rat IgG2a) mAb were prepared as ascites fluid with hybridomas GK1.5 and RA3-6B2, respectively, obtained from the American Type Culture Collection (Rockville, MD). The rabbit antipeptide antibody against mouse GlyCAM-1 has been described (peptide 2 in reference 21) and was affinity-purified and generously provided by M. S. Singer (UCSF). Affinity-purified rabbit anti-mouse CD34 (22) was kindly provided by S. Baumhueter (Genentech Inc., South San Francisco, CA). The LEC-IgG protein, consisting of the extracellular domain of mouse L-selectin joined to the constant region of human IgG1, has been described (46) and was kindly provided by S. Watson and L. Lasky (Genentech Inc.).
Histological methods. Histochemical staining shown in Fig. 1 was done on 10-m cryostat sections of pancreata fresh frozen on dry ice in optimal cooling temperature compound, i.e., O.C.T. (Miles Laboratories Inc., Elkhart, IN). Sections were air dried for 1 h, fixed for 5 min with ice-cold acetone, and then air dried for at least 15 min. After incubation for 30 min at room temperature in blocking solution (5% goat serum, 0.5% BSA in PBS), fixed sections were reacted for 1 h with 20 g/ml primary antibody in blocking solution. Primary antibody was detected with biotinylated rabbit anti-rat IgG (mouse adsorbed) (Vector Laboratories, Burlingame, CA) in blocking solution and color was developed with ABC-horseradish peroxidase (Elite kit; Vector Laboratories) and AEC chromogen (Biomeda, Foster City, CA). Hematoxylin was used as a counterstain.
For histochemistry shown in Fig. 2 , animals were heart-perfused with PBS containing 4% paraformaldehyde, then pancreata were removed and embedded in paraffin. 10-m sections were deparaffinized and treated with Antigen Retrieval Citra (BioGenex Labs, San Ramon, CA) and then blocked for 30 min at room temperature with 10% goat serum and 1% BSA in PBS. Sections to be stained with LEC-IgG were further treated for 30 min at 4 Њ C with 5 mM sodium periodate to enhance staining intensity, as described (47) . Primary antibody (MECA 79, 5.6 g/ml; affinity-purified anti-Gly-CAM-1, 3.2 g/ml) or LEC-IgG (25 g/ml) was diluted in PBS containing 5% goat serum and 0.5% BSA, and incubation was at 4 Њ C overnight. Secondary antibody was biotinylated rabbit anti-rat IgG (mouse adsorbed) (Vector Laboratories) for MECA 79, biotinylated goat anti-human IgG (F(ab) 2 fragment; Caltag Laboratories) for LEC-IgG, or biotinylated goat anti-rabbit IgG (Vector Laboratories) for anti-GlyCAM-1. Color development utilized ABC-alkaline phosphatase and alkaline phosphatase Substrate Kit I (Vector Laboratories), and hematoxylin was used as a counterstain. MECA 367 did not stain vessels in paraffin sections.
Isolation of islets, tumors, and lymph nodes. Preparation of hyperplastic islets and ␤ cell tumors for biochemical experiments was based on a published procedure (48). The pancreas of each RIP1-Tag mouse killed by cervical dislocation was perfused via the common bile duct with 3 ml of HBSS containing 1.162 mg/ml collagenase P (Boehringer Mannheim, Indianapolis, IN) and was then removed from the animal. The pancreas was placed in 2 ml ice-cold HBSS and incubated at 37 Њ C for 19 min. Then, 5 ml cold HBSS was added, contents were mixed, and tissue was filtered through 524-m nylon mesh (Spectrum Medical Industries, Inc., Houston, TX). The flow-through, which consisted of loose islets, ductule and exocrine tissue, and rare pancreatic lymph nodes, was washed with ice-cold HBSS containing 10% FBS (Gibco Laboratories, Grand Island, NY) three times by centrifugation for 4 min at 200 g. Hyperplastic islets were identified, distinguished from pancreatic lymph nodes under a dark-field dissecting microscope based on shape, color, vascularization, and association with ductule tissue, and were individually pipetted to a separate dish. Tumors were usually retained by the nylon mesh and were easily identified by size, opacity, extensive vascularization, and the presence of a well-formed capsule. They were also collected after carefully trimming away occasional associated islets and lymph nodes. Axillary, brachial, and mesenteric lymph nodes were removed from the same mice or from 8-12-wk-old female ICR mice and were minced finely with razor blades. No obvious differences were observed between RIP1-Tag, nontransgenic C3H, and ICR mouse lymph nodes.
Northern analysis. Total cellular RNA was prepared from isolated lymph nodes, islets, and tumors by the guanidinium-phenol method (49). 5 g RNA (based on absorbance at 260 nm) per lane was fractionated on a 1.2% agarose-formaldehyde gel and transferred to nitrocellulose (Schleicher & Schuell, Inc., Keene, NH). Before transfer, gels were stained with ethidium bromide to ensure that RNA was intact and that approximately equal amounts were loaded in each lane. cDNAs were random-primed labeled with [ ␣ -32 P]dATP (Amersham, Arlington Heights, IL) using the Multiprime DNA Labeling System (Amersham). Prehybridization and hybridization were at 42 Њ C in buffer containing 50% formamide (50) . Hybridized filters were washed at high stringency (65 Њ C, 0.25 ϫ SSC, 0.2% SDS) and exposed to film at Ϫ 80 Њ C with an intensifying screen. To ensure that equal amounts of RNA were loaded in each lane, filters were rehybridized with a random-primed labeled ␤ -actin cDNA.
Mouse GlyCAM-1 cDNA (21) was provided by D. Dowbenko and human ␤ -actin cDNA was provided by A. Weiss (UCSF).
Metabolic labeling and immunoprecipitation. Isolated intact islets or tumors, or minced lymph nodes were metabolically labeled in 0.5 ml sulfate-free RPMI 1640 (Gibco Laboratories) containing 10% dialyzed FBS and 500 Ci/ml [ 35 S]sodium sulfate (carrier-free, 43 Ci/mg sulfur; ICN Biomedicals, Inc., Costa Mesa, CA) for 5.5 h in a 37 Њ C, 5% CO 2 incubator. Conditioned medium (CM) was collected, and lysates were prepared by washing tissues well with ice-cold PBS, followed by homogenization in 2% Triton X-100 in PBS containing protease inhibitors (aprotinin and PMSF, 0.5% and 1 mM final concentration, respectively). Protease inhibitors were added to CM also, then CM and lysates were clarified by centrifugation for 10 min at 4 Њ C at top speed in a microcentrifuge. Protein content of lysates was determined with the micro BCA assay (Pierce, Rockford, IL) using BSA as a standard, and volume of CM used in experiments was based on the protein content of the corresponding lysate. Typically, each mouse yielded 0.5-1 mg islet and 1-3 mg tumor lysate protein.
Samples of CM corresponding to 1 mg lysate protein were ana- lyzed by immunoprecipitation. Material which bound nonspecifically to beads was first removed by incubation of CM with 25 l each of protein A-Sepharose and anti-rat Ig-Sepharose (both from Zymed Laboratories, Inc., South San Francisco, CA) two times for 1 h at 4ЊC with gentle rocking. mAb or antisera and Sepharose beads were added to samples simultaneously as follows: 10 g MECA 79 or control rat IgM and 25 l anti-rat Ig-Sepharose, or 20 l preimmune or anti-GlyCAM-1 serum and 25 l protein A-Sepharose. After 2 h at 4ЊC with gentle rocking, supernatants were transferred to fresh tubes, beads were washed 5 times with wash buffer (PBS containing 0.2% Triton X-100), and bound protein was eluted in SDS-PAGE sample buffer (51) by boiling. For identification of MECA 79-reactive species as GlyCAM-1 (see Fig. 4, lanes 3, 9, and 15) , CM precleared by incubation with anti-GlyCAM-1 serum and protein A-Sepharose beads was further incubated for 2 h at 4ЊC with 10 g MECA 79 and 25 ml anti-rat Ig-Sepharose, and bound protein was eluted in SDS-PAGE sample buffer by boiling. LEC-IgG beads were prepared by covalently cross-linking LEC-IgG bound to protein A-Sepharose via its IgG segment using dimethyl pimelimidate (52) at 10 mg/ml beads. To isolate L-selectin ligands, nonspecific protein was removed as above from CM corresponding to 1 mg lysate protein. Then, the sample was incubated for 2 h with 2.5 l LEC-IgG beads, and, after wash- ing beads as described above, protein was eluted from beads by the addition of 200 l wash buffer containing 10 mM EDTA. Eluted protein was precipitated with acetone, resuspended in SDS-PAGE sample buffer, and boiled. Protein was resolved on 10% acrylamide-SDS gels under reducing conditions (51), and gels were processed with Fluorohance (Research Products International Corp., Mount Prospect, IL) to enhance signals before exposure to film at Ϫ80ЊC.
Results
In nontolerant RIP1-Tag5 mice, vascular addressin expression is induced on islet but not on tumor vessel endothelium. The character of lymphocyte infiltration of pancreatic islets in the nontolerant RIP1-Tag5 mouse line is similar to that reported for the RIP1-Tag3 line (42, 44) . The RIP1-Tag5 line was produced in the C3Heb/FeJ (C3H) background, which is a high responder for humoral autoimmunity. Infiltrates are detected as early as 14-15 wk of age, 3-5 wk after ␤ cells first begin to express Tag (Jolicoeur, C., K. Smith, and D. Hanahan, unpublished observations). Infiltration is seen in up to 60% of islets and can be accompanied by areas of apparent ␤ cell destruction. Immunohistochemical staining of pancreas sections from RIP1-Tag5 mice showed that the infiltrates consisted of CD8 ϩ and CD4
ϩ T cells, B cells, and macrophages (not shown). Islets in RIP1-Tag2 mice, which are tolerant to Tag, do not become infiltrated. In both tolerant and nontolerant mice, Tag oncoprotein expression results in proliferative hyperplasia, induction of angiogenesis, and progression to solid tumors (41, 42, 53) . Therefore, in addition to C3H mice, RIP1-Tag2 mice provided a useful control for this study since they are distinguished from RIP1-Tag5 mice by immune tolerance of Tag.
Small, mononuclear cells were often seen adhering to the walls of HEV-like vessels in areas of infiltration in RIP1-Tag5 islets (for example, see Fig. 2 ), indicating ongoing lymphocyte recruitment. To determine if expression of endothelial adhesion molecules could be correlated with the mononuclear infiltration of islets, immunohistochemistry was performed on nontransgenic C3H and RIP1-Tag5 mouse pancreas sections. These experiments used the MECA 79 and MECA 367 mAbs, to detect PNAd and MAdCAM-1, respectively, and PECAM-1, ICAM-1, and VCAM-1 mAbs (Fig. 1) .
PNAd expression was not observed in nontransgenic C3H (Fig. 1 A) or tolerant RIP1-Tag2 (not shown) pancreatic islets or exocrine tissue. MAdCAM-1 was expressed on some vessels in exocrine tissue and at the periphery of many islets from nontransgenic C3H mice, but never within these islets (Fig. 1  D) . However, PNAd and MAdCAM-1 were both expressed at high levels on HEV-like endothelium within infiltrated RIP1-Tag5 islets (Fig. 1, B and E) . Areas of infiltration were identified by visual inspection and detection of T and B lymphocytes in serial sections with CD4, CD8, and B220 mAb (not shown). PNAd expression, and intraislet induction of MAdCAM-1 expression, was completely localized to infiltrated areas. In mesenteric lymph nodes, individual HEV cells typically express both PNAd and MAdCAM-1 (9). As shown in Fig. 1, B and E, staining of serial sections revealed coincident staining of HEVlike vessels by MECA 79 and MECA 367. Strikingly, no expression of PNAd or MAdCAM-1 was ever seen within RIP1-Tag5 tumors (Fig. 1, C and F) , although vessels expressing MAdCAM-1 were sometimes seen at the periphery of tumors (Fig. 1 F ) .
In marked contrast to PNAd and MAdCAM-1, PECAM-1 was expressed on virtually all vessels in both exocrine pancreas and within islets, and levels of expression were indistinguishable among control C3H islets, infiltrated RIP1-Tag5 islets, and RIP1-Tag5 tumors (Fig. 1, G-I) . ICAM-1 was expressed on many vessels within exocrine pancreas and islets. As seen with PECAM-1, the pattern of expression of ICAM-1 appeared to be similar among vessels within C3H islets, infiltrated RIP1-Tag5 islets, and RIP1-Tag5 tumors (Fig. 1, J-L) . Although interpretation of expression in infiltrated areas of RIP1-Tag5 islets was complicated by ICAM-1 expression on some infiltrating lymphocytes (39) , this adhesion molecule was clearly expressed on islet vessels outside areas of infiltration. VCAM-1 was expressed on some vessels in the exocrine pancreas, but less frequently than ICAM-1. Similar to MAdCAM-1, VCAM-1 expression was sometimes seen on vessels at the periphery, but was not observed within C3H islets (Fig. 1 M ) . VCAM-1 expression was induced on endothelium within areas of infiltration in RIP1-Tag5 islets (Fig. 1 N ) , but was not seen within noninfiltrated RIP-Tag5 islets (not shown). In striking contrast to MAdCAM-1 and PNAd, VCAM-1 was also expressed on endothelium in RIP1-Tag5 tumors (Fig. 1 O) . To further characterize VCAM-1 expression on islet and tumor endothelium, we examined islets and tumors from tolerant RIP1-Tag2 mice, which do not show inflammation of islets. VCAM-1 was expressed on vessels within both islets and tumors from a 14-wk-old RIP-Tag2 mouse (not shown). Thus, expression of VCAM-1 did not correlate with infiltration.
The results of this immunohistochemical analysis are summarized in Table II and indicate that PNAd, MAdCAM-1, and VCAM-1 expression was not detected on endothelium within normal islets of C3H mice. Among the endothelial adhesion molecules studied, only the vascular addressins and VCAM-1 were induced in areas of inflammation resulting from nontolerance to Tag. However, in tumors, VCAM-1 was present, whereas PNAd and MAdCAM-1 expression was never seen. Therefore, only vascular addressin expression correlated with infiltration.
L-Selectin ligands are expressed on the same islet vessels as PNAd and MAdCAM-1. We used a soluble, recombinant Ig chimera of L-selectin, LEC-IgG, as an immunohistochemical probe to directly demonstrate that the observed expression of PNAd on infiltrated islet endothelium (as detected with MECA 79) corresponded to the presence of ligands for L-selectin (Fig.  2) . LEC-IgG consists of the entire extracellular domain of mouse L-selectin joined to the hinge region and two constant domains (CH2 and CH3) of human IgG 1 (46) . LEC-IgG has ligand specificity identical to that of L-selectin, based on a wide variety of assays (46), whereas MECA 79 binds to a portion of the carbohydrate structure recognized by L-selectin (23). Similar to MECA 79, LEC-IgG stained islet vessels, but only in areas of infiltration in RIP1-Tag5 pancreas sections. In addition, LEC-IgG failed to stain vessels in RIP1-Tag2 islets or tumors from either tolerant or nontolerant mice (not shown). To compare PNAd with L-selectin ligand expression, serial sections were stained with MECA 79 (Fig. 2, A and D) and LEC-IgG (Fig. 2, B and E) , respectively. Examination of the same islet vessel in three or more serial sections revealed that in 61% (11/18) of infiltrated islets, MECA 79-positive vessels were also stained with LEC-IgG (not shown). The lack of complete correspondence between MECA 79 and LEC-IgG staining of vessels in infiltrated islets may be attributed to L-selectin's recognition of a subset of MECA 79-binding glycoproteins (16, 23) . Lower sensitivity of staining with LECIgG as compared with MECA 79 may also contribute to the difference. Like binding of L-selectin to its lymph node HEV ligands, staining with LEC-IgG was dependent on the presence of divalent cations and was significantly reduced by treatment of sections with sialidase (not shown). Weak background staining was restricted to noninfiltrated islet tissue and was judged to be nonspecific because it was not dependent on the presence of divalent cations (not shown). Therefore, expression of L-selectin ligands was induced on RIP1-Tag5 islet endothelium specifically in areas of infiltration.
We next asked which of the characterized lymph node HEV ligands for L-selectin, GlyCAM-1 or CD34, was expressed on endothelium in infiltrated islets. An anti-GlyCAM-1 antibody (21) was used to assess GlyCAM-1 expression in pancreas sections (Fig. 2, C and F ) . The analysis revealed that GlyCAM-1 was induced on islet endothelium exclusively in areas of infiltration and was not detected on any vessels in normal islets, in tumors, or in exocrine tissue. Vessels in both exocrine and islet tissue of RIP1-Tag2 and RIP1-Tag5 pancreas sections also expressed CD34 (not shown), as detected by an affinity-purified polyclonal antibody against mouse CD34 (22). This result is consistent with widespread expression of this protein on endothelium (25, 26) . As shown in Fig. 1 , expression of MAdCAM-1 was also upregulated on vessels in infiltrated islets. Thus, three molecules that can potentially function as L-selectin ligands were expressed at this site: GlyCAM-1, CD34, and MAdCAM-1; of these, GlyCAM-1 and MAd-CAM-1 were upregulated.
Expression of GlyCAM-1 was then investigated at the biochemical level. Based on immunohistochemistry, PNAd and L-selectin ligand expression appeared to be maximal in pancreata of 17-20-wk-old RIP1-Tag5 mice. Therefore, islets and tumors were isolated from pancreata of 18.5-wk-old RIP1-Tag5 mice by collagenase digestion. Islets and tumors from 10-14-wk-old RIP1-Tag2 mice were analyzed in parallel. The steady state levels of GlyCAM-1 mRNA in isolated islets and tumors were measured by Northern analysis (Fig. 3) . Consistent with immunohistochemical staining, RIP1-Tag5 islets (Fig.  3, lane 2) had easily detectable levels of GlyCAM-1 mRNA. In contrast, GlyCAM-1 mRNA was not detected in islets from RIP1-Tag2 animals (Fig. 3, lane 4) , even after prolonged autoradiography (not shown). Pancreatic lymph nodes expressed high levels of GlyCAM-1 (not shown). Thus, the absence of GlyCAM-1 RNA from RIP1-Tag2 islets confirmed that the islet preparations were not contaminated with pancreatic lymph nodes. Tumors from RIP1-Tag5 animals (Fig. 3, lane 3) had very little, if any, GlyCAM-1 mRNA, and no expression could be detected in RIP1-Tag2 tumors (Fig. 3, lane 5) . Measurement of steady state levels of ␤-actin mRNA in the same experiment demonstrated that an equal amount of each type of RNA was analyzed, with the exception of RIP1-Tag5 tumor RNA, which contained at least twice as much RNA (not shown). This RNA analysis validated the immunohistochemical detection of GlyCAM-1 in RIP1-Tag5 islets shown in Fig.  2 , C and F. Consistent with the higher frequency of HEV seen in lymph nodes, the level of GlyCAM-1 mRNA was much higher in lymph nodes than in RIP1-Tag5 islets (Fig. 3, lanes 1  and 2) .
GlyCAM-1 expressed on infiltrated islet endothelium is an L-selectin ligand. To determine if GlyCAM-1 expressed in infiltrated islets was an L-selectin ligand, isolated islets and tumors were metabolically labeled with [ 35 S]sulfate, and Gly-CAM-1 protein was analyzed. Sulfate was chosen as a radiolabel since recognition of HEV ligands by both MECA 79 and L-selectin depends on sulfation (20, 23) . GlyCAM-1 is detected at 5-10-fold higher levels in CM from lymph node organ cultures than in lysates (20) ; therefore, CM from islet and tumor cultures was analyzed.
As shown in Fig. 4 , MECA 79 immunoprecipitated a single ‫ف‬ 50-kD sulfated species from CM of RIP1-Tag5 islets (lane 8), which comigrated with GlyCAM-1 that was immunoprecipitated by MECA 79 from CM of lymph nodes (lane 2). The MECA 79-reactive molecule from RIP1-Tag5 islets was Gly-CAM-1, because preclearing the sample with anti-GlyCAM-1 eliminated the 50-kD species from a subsequent MECA 79 immunoprecipitation (Fig. 4, lane 9) . Direct immunoprecipitation with anti-GlyCAM-1 demonstrated that GlyCAM-1 from RIP1-Tag5 islet CM was indeed sulfated and migrated at 50 kD (Fig. 4, lane 11) . LEC-IgG also recognized GlyCAM-1 in RIP1-Tag5 CM (Fig. 4, lane 12) ; preclearing with anti-Gly-CAM-1 eliminated this 50-kD species from a subsequent LECIgG precipitation (not shown). Binding of LEC-IgG to secreted islet GlyCAM-1 was sensitive to the addition of EDTA, as expected for L-selectin's calcium-dependent lectin activity (not shown). As is the case in lymph nodes, only a fraction of the total sulfated GlyCAM-1 in RIP1-Tag5 islet CM was recognized by MECA 79 or LEC-IgG (Fig. 4, compare lanes 8,  11, and 12) . Although virtually no MECA 79 reactivity was detected in RIP1-Tag5 tumor CM, a very low level of sulfated GlyCAM-1 was present (Fig. 4, lane 17 ) . This signal may correspond to the MECA 79 reactivity seen at the periphery of nascent tumors by immunohistochemistry (not shown). Gly-CAM-1 was not detected in CM from RIP1-Tag2 islets or tumors, consistent with the immunohistochemical analyses (not shown). Thus, the biochemical analysis directly demonstrated that GlyCAM-1 secreted from RIP1-Tag5 islets was a ligand for L-selectin.
Of interest, examination of serial sections stained with LEC-IgG and anti-GlyCAM-1 revealed that LEC-IgG stained some vessels in infiltrated RIP1-Tag5 islets that did not express GlyCAM-1 (16%, 2/12), suggesting the possible presence of other ligands for L-selectin. CD34 and MAdCAM-1 are candidates for these additional ligands, based on their colocalization with LEC-IgG staining (not shown, and Figs. 1 and 2) . However, efforts at biochemical identification were not successful. We failed to detect either of these molecules in detergent lysates of [ Selective induction of L-selectin ligands and MAdCAM-1 in infiltrated hyperplastic islets. Expression of L-selectin ligands and MAdCAM-1, as defined by LEC-IgG and MECA 367, respectively, was induced on endothelium in RIP1-Tag5 islets exclusively in areas of infiltration. No induction of L-selectin ligand or MAdCAM-1 expression was observed in the islets of nontransgenic C3H or tolerant RIP1-Tag2 mice, which do not become infiltrated. Although VCAM-1 was induced in areas of infiltration of nontolerant RIP1-Tag5 islets, this adhesion molecule was also expressed on vessels in islets and tumors of tolerant RIP1-Tag2 mice, and in RIP1-Tag5 tumors, which were not infiltrated. Thus, lymphocyte infiltration of islets was clearly correlated with intraislet expression of L-selectin ligands and MAdCAM-1 and not with expression of PECAM-1, ICAM-1, or VCAM-1. These observations are similar to the situation in NOD mice (11, 34) . Thus, as in NOD mice, the induction of L-selectin ligand and MAdCAM-1 expression may play an important role in recruitment of lymphocytes to islets during the Tag-induced autoimmune response. Based on what is known about the role of these ligands' lymphocyte receptors in lymphocyte extravasation, we expect that induction of L-selectin ligand and MAdCAM-1 expression precedes lymphocyte entry to islets. However, when looking at very early stages of infiltration, Hänninen et al. (11) were not able to separate the -clear) , GlyCAM-1 protein was precleared from CM by incubation with anti-GlyCAM-1 bound to protein A-Sepharose, then a MECA 79 immunoprecipitation was performed. Lanes 1-6 were exposed to film for 4 h while lanes 7-18 were exposed for 8 d. Volume of CM corresponded to 1 mg detergent lysate protein/lane. The distortion of the GlyCAM-1 band in lanes 5, 11, and 17 results from comigration with unlabeled heavy chain of the rabbit anti-GlyCAM-1 serum. This distortion is not seen in MECA 79 or control rat IgM monoclonal antibody lanes because less antibody-associated protein was added to these precipitations. LEC-IgG was covalently bound to protein A-Sepharose and therefore not present in the sample loaded on the SDS gel. The 60-kD species seen in lanes 7-9 and 13-15 was precipitated by both control rat IgM and MECA 79 and was therefore judged to be nonspecific. Although the 70-and 90-kD species precipitated from RT5 tumor CM by LEC-IgG (lane 18) were not defined, the 90-kD material was not recognized by the anti-mouse CD34 antibody (not shown).
onset of lymphocyte entry from the induction of PNAd expression, suggesting that these two events are very closely linked. An answer to this question awaits development of an appropriate in vitro model in which these molecules can be manipulated.
We identified GlyCAM-1 as one of the L-selectin ligands that was induced on infiltrated islet endothelium. The expression of GlyCAM-1 in a glycoform recognized by L-selectin has thus far been observed only at sites of lymphocyte recruitment: on HEV of lymph nodes (21) , and on HEV-like vessels in infiltrated islets in RIP1-Tag5 mice (this study), RIP-TNF␣ transgenic mice (Vassalli, P., personal communication), and NOD mice (25) . Thus, this protein likely plays a role in L-selectindependent recruitment of lymphocytes to inflamed islets as well as lymph nodes. While GlyCAM-1 on the endothelial cell surface should permit L-selectin-dependent adhesion of lymphocytes, this glycoprotein is largely secreted (54) . The secreted form of GlyCAM-1 may impart a signal via L-selectin which activates lymphocyte integrins and permits firm adhesion during lymphocyte extravasation (Hwang, S. T., M. S. Singer, T. Yednock, K. B. Bacon, P. A. Giblin, S. I. Simon, and S. D. Rosen, manuscript in preparation).
L-selectin ligand(s) in addition to GlyCAM-1 were also induced on infiltrated islet endothelium, since LEC-IgG stained infiltrated islet endothelium at some sites where GlyCAM-1 did not appear to be expressed. Although CD34 and MAd-CAM-1 were likely candidates for these additional inflammatory ligand(s), we were unable to demonstrate by immunoprecipitation or immunoblotting that either protein carried the MECA 79 epitope or served as a functional ligand for L-selectin. These negative findings probably reflect very low abundance. GlyCAM-1 and CD34 were difficult to detect in RIP1-Tag5 islet lysates, and, by analogy with GlyCAM-1 in CM, only a subset of these molecules was expected to carry the MECA 79 epitope or interact with L-selectin. Sulfated MAd-CAM-1 was detected at 25-50-fold lower levels than Gly-CAM-1 in mesenteric lymph node lysates (not shown), and MAdCAM-1 is expected to be present at correspondingly low levels in islets. Development of more sensitive techniques should permit unambiguous assessment of CD34 and MAd-CAM-1 as L-selectin ligands in infiltrated islets. Moreover, specific reagents are not yet available for immunohistochemical localization of Sgp200, found in lymph nodes (23), or another, heparin-based ligand for L-selectin which has been reported in cultured endothelial cells (55) , though these molecules warrant analysis. Of interest, CD34 was sulfated in both RIP1-Tag5 and RIP1-Tag2 islets and in tumors from both nontolerant and tolerant RIP-Tag animals. Thus, sulfation alone was not predictive of L-selectin ligand function or MECA 79 reactivity.
How is expression of L-selectin ligands, MAdCAM-1 and VCAM-1, induced at this inflammatory site? Neither oncogene expression nor its consequences (␤ cell hyperproliferation [41] and neovascularization [53] ) are sufficient to induce expression of these adhesion molecules, because induction of L-selectin ligand and MAdCAM-1 expression within islets was not observed in tolerant mice. It is possible that the constitutive level of MAdCAM-1 expressed on both periislet and exocrine endothelium in both RIP1-Tag2 and RIP1-Tag5 mice contributes to routine surveillance by ␣ 4 ␤ 7 -bearing T cells. When Tag-specific T cells encounter Tag-expressing islet ␤ cells, the consequent activation could involve the release of soluble signals which upregulate expression of L-selectin ligands, MAdCAM-1 and VCAM-1. Initial non-antigen-specific recruitment of lymphocytes, and inflammation, would follow. The low frequency of L-selectin ligand-and MAd-CAM-1-expressing vessels suggests the possibility that other adhesion molecules could mediate later stages of the inflammation. Soluble factors released by activated macrophages or lymphocytes have been implicated in regulation of PNAd and MAdCAM-1 expression on HEV in lymph nodes (56) (57) (58) and may also be involved in islets. Similarly, VCAM-1 expression on endothelial cells is induced by several inflammatory signals (for review see reference 38) .
Localized induction of GlyCAM-1, other L-selectin ligands, and MAdCAM-1 on islet vessels involves regulation at two levels. First, expression of MAdCAM-1 and GlyCAM-1 was upregulated at the protein level, and, as demonstrated for Gly-CAM-1, at the RNA level. In contrast, CD34 is expressed constitutively on endothelium (25, 26) . Second, for appropriate carrier molecules to display carbohydrate structure(s) recognized by L-selectin, specific glycosyl-and sulfotransferases involved in synthesis must also be expressed. The glycosyl-and sulfotransferases associated with ligand synthesis in lymph node HEV have not been defined, and those used in islets could differ from those in lymph nodes.
A failure of tumor immunity. In contrast to endothelium in infiltrated RIP1-Tag5 islets, the endothelium in tumors, which were not infiltrated, did not express detectable levels of PNAd and MAdCAM-1. However, three other adhesion molecules implicated in lymphocyte extravasation, PECAM-1, ICAM-1, and VCAM-1, were each expressed both in islets and tumors. It is particularly notable that VCAM-1, whose upregulation is a hallmark of "activated" endothelium seen in inflammatory responses, is expressed at increased levels on endothelium in both infiltrated islets and noninfiltrated tumors. Thus, it is the striking lack of vascular addressin expression that correlates with progression to solid tumors. This finding suggests the possibility that interference with addressin expression might be manifested during tumorigenesis such that tumors can evade or minimize immune surveillance and consequent attack.
How might tumors in nontolerant mice avoid induction of vascular addressin expression and lymphocyte infiltration despite expressing high levels of Tag? One possibility is that the tumor cells (but not preneoplastic islet cells) release paracrine inhibitors that act on the tumor vessel endothelium, or on the infrequent lymphocytes extravasating during normal immune surveillance, to prevent induction of HEV-like vessels in the tumor. Another possibility is that the tumor vessels are different from normal endothelium and somehow are incapable of developing into HEV. A model that explains how tumors downmodulate addressin expression must account for the localization of this effect within tumors, since hyperplastic islets in close proximity to tumors are frequently infiltrated and exhibit induction of vascular addressins.
Currently we favor a paracrine suppressor model, since increasing the abundance of Tag-reactive T cells through the use of anti-Tag T cell receptor transgenes results in infiltration of both islets and tumors in RIP1-Tag2 mice (59), which are tolerant to Tag and normally devoid of inflammation. This infiltration is concomitant with induction of HEV-like vessels and expression of PNAd and MAdCAM-1 (Hirose, R., P. M. Hartl, and D. Hanahan, unpublished observations), suggesting that abundant anti-Tag T lymphocytes can overwhelm whatever mechanism suppresses addressin induction in tumors. In a recent study, VCAM-1 expression was suppressed on small blood vessels in a solid tumor within lungs, apparently by soluble factors secreted by the tumor (60) . Although differing with respect to VCAM-1 regulation, our results also suggest that a tumor-associated activity could modulate vascular addressin expression.
The work presented here suggests that tumor evasion of immune surveillance and a chronic inflammatory response with hallmarks of organ-specific autoimmunity both rely in part on modulation of expression of L-selectin ligands and MAdCAM-1. Thus, the ability to control expression of these molecules might be exploited in generalized approaches aimed at either inducing tumor immunity by their upregulation or curtailing inflammation associated with diseases such as type I diabetes by rendering the target tissue invisible, much as the tumors in these transgenic mice.
